The 4-hydroxyacetophenone assimilating bacterium Arthrobacter sp. TGJ4 was isolated from a soil sample. The resting cell reaction suggested that the strain cleaved 4-hydroxyacetophenone and its 3-methoxy derivative to the corresponding carboxylic acids and formaldehyde. Some properties of the enzyme catalyzing the cleavage reaction were examined.
Various phenolic compounds are degraded by microorganisms. 4-Hydroxyacetophenone (4-HAP) is a common intermediate of the microbial catabolism of 4-ethylphenol, 4-(1-nonyl)phenol, and bisphenol A. [1] [2] [3] [4] Two distinct pathways are known to degrade 4-HAP. In most bacteria, it is converted to hydroquinone by consecutive action of 4-HAP monooxygenase (EC 1.14. 13 .84) and 4-hydroxyphenyl acetate hydrolase. 5) Alcaligenes sp. 4HAP uses another pathway: 4-HAP is converted to 2, 4 0 -dihydroxyacetophenone (DHAP) by an uncharacterized hydroxylase, and then cleaved to 4-hydroxybenzoate (4-HBA) and formate by DHAP dioxygenase (EC 1.13.11.41). 6, 7) We investigated the microbial degradation of 4-HAP, and identified an alternative type of oxidative cleavage of 4-HAP in Arthrobacter sp. TGJ4.
DHAP was synthesized by the method of Robertson and Robinson. 8 10) HPLC was done at 45 C on a Cosmosil 5C 18 -MS-II column (4:6 Â 150 mm, Nacalai Tesque, Kyoto, Japan) with an LC-9A liquid chromatograph (Shimadzu, Kyoto, Japan) equipped with a SPD-6AV UV-Vis detector, a CTO-2A column oven, and a C-R6A data processor. In most cases, the reaction mixture was deproteinized by centrifugal filtration with a Microcon YM10 (Millipore, Concord, MA), and 20 mL of the filtrate was analyzed. Elution was done with MeOH-20 mM PP (pH 7.0) (1:4, v/v) at a flow rate of 1 mL/min, and A 254 was monitored. Under these conditions, 4-HAP, 4-HBA, 4-hydroxy-3-methoxyacetophenone (HMAP), and vanillate (4-hydroxy-3-methoxybenzoate) were eluted at 13.2, 3.0, 16.9, and 3.2 min respectively. EI-MASS, 1 H-and 13 C-NMR, IR, and UV spectra were measured with JMS-700/GI (JEOL, Tokyo), JNM-ECX400P (JEOL), FT-IR system 2000 (Perkin Elmer, Waltham, MA), and UV300 (Shimadzu) respectively.
Strain TGJ4 grew well on 4-HAP. 2-Hydroxyacetophenone and acetophenone were the pore growth substrates. DHAP did not serve as a growth substrate. Resting cells of strain TGJ4 grown on 4-HAP showed high O 2 consumption activity toward 4-HAP, 4-HBA, and protocatechuate as compared with the succinategrown cells, suggesting the participation of inducible enzymes in their oxidation (Table 1) . NADPH-dependent 4-HBA 3-monooxygenase (EC 1.14.13.2) and protocatechuate 4,5-dioxygenase (EC 1.13.11.8) were found in the cell extracts from 4-HAP-grown cells as tested by spectrophotometric assay. 11, 12) These results suggest that strain TGJ4 converted 4-HAP to protocatechuate via 4-HBA. Similarly, HMAP appeared to be y To whom correspondence should be addressed. Fax: +81-58-294-4633; E-mail: maruyama@gifu-u.ac. 
consumption, because they were converted to 4-HBA by oxidases and esterases. Hydroquinone and DHAP were inactive. Neither 4-HAP monooxygenase nor DHAP dioxygenase was found in the cell extracts as tested by spectrophotometric assay. 5, 7) None of the following compounds was oxidized: acetophenone derivatives including 2-hydroxy-, 3-hydroxy-, 4-amino-, 4-methoxy-, and 4-chloroacetophenone; 4-hydroxybenzophenone; 4-hydroxypropiophenone; and 4-hydroxyphenylacetone. The following reagents inhibited the 4-HAP-dependent O 2 consumption of the resting cells by more than 85%: 1 mM HgCl 2 , 0.1 mM p-chloromercuribenzoate, 1 mM 2,2 0 -dipyridine, 1 mM 8-hydroxyquinoline, 0.2 mM thenoyltrifluoroacetone, 5 mM NaN 3 , 0.01 mM KCN. The latter three reagents are inhibitors of electron transport in cellular respiration. EDTA (1 mM) and various metal ions (1 mM each), including Zn 2þ , Mg 2þ , Ni 2þ , Fe 3þ , Cu 2þ , and Co 2þ , were almost entirely ineffective.
When resting cells of 4-HAP-grown bacteria were incubated at 25 C with 4-HAP, consumption of 4-HAP and the transient formation of UV-absorbing species, designated compound X, were observed by HPLC (Fig. 1A) . X was eluted at 3.7 min and was relatively stable in neutral solution, but was easily converted to 4-HAP by acidification. Since neither consumption of 4-HAP nor formation of X was observed in the reaction under N 2 , it is probable that compound X, possibly an enolate of 4-HAP, is an intermediate in enzyme catalysis. When 0.21-1 mM 4-HAP was used, no accumulation of the postulated metabolites, 4-HBA and protocatechuate, was found, since they were rapidly oxidized (Table 1) . A small amount of formaldehyde was also formed transiently. In the resting cell reaction with HMAP, the transient formation of vanillate, formaldehyde, and compound Y, which appeared to be equivalent to compound X and eluted at 4.2 min in HPLC, was found (Fig. 1B) . In a parallel spectrophotometric assay, two isosbestic points, at 240 and 262 nm, were found in the initial 30 min, indicative of the direct conversion of HMAP to vanillate. In a separate experiment, the reaction product was extracted with ethyl acetate from the acidified reaction mixture, purified by silica gel TLC with CHCl 3 -MeOH (5:1), and identified as vanillate by EI-MASS, FT-IR, 13 C-and 1 H-NMR. Vanillate was oxidized at a slower rate than HMAP (Table 1) , and accumulated transiently. Oxidation of vanillate, possibly catalyzed by vanillate monooxygenase (EC 1.14.13.82:
, yielded additional formaldehyde. 13) Thus strain TGJ4 appeared to convert 4-HAP and HMAP to the corresponding carboxylate and formaldehyde. Figure 2 shows a hypo- These results suggest that 4-HAP cleavage activity is associated with the membrane fraction and requires an electron supply from the electron transport system containing ferredoxin-like protein. However, the enzyme activity was so unstable that detailed quantitative analysis was difficult.
In conclusion, oxidative cleavage of 4-HAP and HMAP was found in Arthrobacter sp. TGJ4. Although the enzyme catalyzing the cleavage was not fully characterized, it appeared to be a membrane enzyme whose activity depended on the electron transport system.
